A novel crystal, the mono-protonated metformin acetate (1), was obtained and characterized by elemental analysis, IR spectroscopy and X-ray crystallography. It was found that one of the imino group in the metformin cation was protonated along with the proton transfer from the secondary amino group to the other imino group. Its crystal structure was then compared with the previously reported diprotonated metformin oxalate (2). The difference between them is that the mono-protonated metformin cations can be linked by hydrogen bonding to form dimers while the diprotonated metformin cations cannot. Both of them are stabilized by intermolecular hydrogen bonds to assemble a 3-D supermolecular structure. The four potential tautomer of the monoprotonated metformin cation (tautomers 1a, 1b, 1c and 1d) were optimized and their single point energies were calculated by Density Functional Theory (DFT) B3LYP method based on the Polarized Continuum Model (PCM) in water, which shows that the most likely existed tautomer in human cells is the same in the crystal structure. Based on the optimized structure, their Wiberg bond orders, Natural Population Analysis (NPA) atomic charges, molecular electrostatic potential (MEP) maps were calculated to analyze their electronic structures, which were then compared with the corresponding values of the diprotonated metformin cation (cation 2) and the neutral metformin (compound 3). Finally, the possible tautomeric mechanism of the monoprotonated metformin cation was discussed based on the observed phenomena.
Introduction
Biguanides are an important class of compounds that have extensive medical applications. As an N-substituted derivative of biguanide, metformin (N,N-dimethyl biguanide) is a powerful oral antihyperglycemic drug that has been used in many countries for over 40 years for treating diabetic patients with non-insulin-dependent diabetes mellitus. 1 Apart from the well-established antidiabetic and antimalarial effects, biguanide derivatives have been shown to exhibit antimicrobial, 2 antiviral 3 and antiplaque 4 effects and also have been known to influence gastric acid secretion.
5 However, the molecular mechanism for the therapeutic action of these systems is poorly understood. So far, there is much interests in the complexes derived from biguanides with particular attention focused on structural studies, 6 which are beneficial to exploring the relationships between the structure and property.
Supermolecular chemistry refers to the assembly of at least two molecules through spontaneous secondary interactions such as hydrogen bonding, dipole-dipole, charge transfer, van der Waals, and π-π stacking interactions.
7 This so-called "bottom up" approach to construct nanostructures is advantageous over the "top down" approach such as microlithography which requires substantial effort to fabricate microstructures and devices as the target structures are extended to the range below 100 nm. 8 In addition, essential biological processes, such as signal transduction, biocatalysis, information storage, and processing, are all based on the supermolecular interactions between molecular components.
9
Tautomers are constitutional isomers of organic compounds that readily interconvert by a chemical reaction called tautomerization. This reaction commonly results in the formal migration of a hydrogen atom or proton, accompanied by a switch of a single bond and adjacent double bond. Because of the rapid interconversion, tautomers are generally considered to be the same chemical compound. The different tautomers can potentially exist in each DNA base may play a role in DNA mutation. 10 In addition, tautomerism in bioactive compounds play a key role in orientation of bioactivity of drugs that have found wide application in drug design, from new medicinal materials to antibacterial imidazo[1,2-a]pyrimidine (-pyridine), 11 as sulphonamides in the antifungal agents 12 and as potential anti HIV spiro heterocycles.
13
The crystal structure of diprotonated metformin oxalate has been previously reported.
1 Herein, we report the single crystal of mono-protonated metformin acetate, and compare their crystal structures.
In the crystal structure, it was found that one of the imino group in the metformin cation was protonated along with the proton transfer from the secondary amino group to the other imino group. In view of the observed tautomerism, we speculate that the mono-protonated metformin cation should have four potential tautomers (Scheme 1) in water, although it exists as tautomer 1a in the solid state.
14 To well understand its antidiabetic mechanism, raveling which tautomer that actually exists in the body fluid environment is indispensable. As a result, the four potential tautomers of the mono-protonated metformin cation were optimized and their single point energies were calculated by Density Functional Theory (DFT) B3LYP method based on the Polarized Continuum Model (PCM) in water to identify the most likely existed tautomer in human cells. Based on the optimized structure of the most stable tautomer, the Wiberg bond orders, Natural Population Analysis (NPA) atomic charges, molecular electrostatic potential (MEP) maps were calculated to analyze their electronic structures, which were then compared with the corresponding values of the diprotonated metformin cation (Scheme 2) and the neutral metformin (Scheme 3). In addition, as there exist dimers in the crystal structure of tautomer 1a, we speculate that tautomerism between 1a and 1d could proceed through the proton transfer along the hydrogen bonding to each other.
Experimental
Materials and Physical Measurements. All reagents were of analytical grade and were used as obtained by commercial sources without further purification. Infrared spectra of the compounds were recorded in KBr pellets using a Nicolet 170SX spectrophotometer in the 4000-400 cm −1 region. Elemental analyses were carried out with a model 2400 Perkin-Elmer analyzer. X-ray diffraction data were collected on a Bruker Smart CCD X-ray single-crystal diffractometer.
Synthesis 
953.04 (13) Z 4 Calculated density. (g·cm 0.227 and −0.233 Crystallographic Data Collection and Structure Determination. Diffraction intensity data of the single crystal of compound 1 was collected on a Bruker Smart CCD X-ray single-crystal diffractometer equipped with a graphite monochromated MoK α radiation (λ = 0.71073 Å) by using a φ and ω scan mode at 298 (2) K. The programs used for data collection and cell refinement are the SMART and SAINT programs. 15 Empirical absorption correction was applied using the SADABS programs, 16 All structure solutions were performed with direct methods using SHELXS-97, and the structure refinement was done against F 2 using SHELXL-97, 17 All non-hydrogen atoms were found in the final difference Fourier map. All H atoms except for those of the methyl group were found from difference Fourier maps and refined without constraints. The methyl H atoms were positioned geometrically and refined using a riding model, with C-H = 0.96 Å and U iso (H) = 1.5 U eq (C). Positional and thermal parameters were refined by full-matrix least-squares method to convergence. The molecular graphics were generated using DIAMOND 3.1D. 18 The crystallographic data of compound 1 is summarized in Table 1 .
Computational Details. Optimizations of geometrical structures and Natural Bond Orbital (NBO) analyses of the compounds were carried out by DFT B3LYP method with 6-311+G* basis set combined with the polarizable continuum model (PCM) in water. The harmonic vibrational frequencies were calculated at the same level of theory for the optimized structure. The vibrational frequency calculations revealed no imaginary frequencies, indicating that a stationary point at this level of approximation was found for the compounds. All calculations were conducted on a Pentium IV computer using Gaussian 03 program.
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Comparison of the optimized bond lengths and angles with the experimental values for tautomer 1a and cation 2 are available in the supplementary materials. Crystallographic data for compound 1 have been deposited with CCDC (Deposition No. CCDC-991330). These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/ retrieving.html or from CCDC, 12 Union Road, Cambridge CB2 1EZ, UK, E-mail: deposit@ccdc.cam.ac.uk.
Results and Discussion
Description of the Crystal Structure. Selected bond lengths and angles of compound 1 are listed in Table 2 . The hydrogen bonding geometry for compound 1 is listed in Table 3 . As shown in Figure 1(a) , the crystal structure of compound 1 is comprised of discrete mono-protonated metformin cations and acetate anions. The cations related by an inversion center are linked via N-H···N hydrogen bonds involving the amino groups to form dimers (Figure 1(b) ). There are no interactions between each dimers, which are linked by the N-H···O hydrogen bonding between the dimers and the acetate groups to generate an infinite 2-D network (Figure 1(c) ). The 2-D network is further connected by N-H···O intermolecular hydrogen bonds to form a 3-D supermolecular structure (Figure 1(d) ).
The crystal structure of compound 2 has been reported previously.
1 Compared with compound 1, N1 cannot serve as the proton receptor to form the dimer as it is protonated. There exist hydrogen bonds between the diprotonated metformin cations and the oxalate anions, giving rise to an infinite 2-D network. These layers are further connected through N-H···O intermolecular hydrogen bonds to form the 3-D supermolecular structure. But both of them have strong double hydrogen bonds between either the carboxylate groups of the acetate anion or the oxalate anion and atoms N1 and N4 of the metformin cation.
Quantum Chemistry Calculations. The optimized geometries of tautomers 1a, 1b, 1c, 1d, cation 2 and compound 3 are shown in Figure 2 . Comparison of the optimized bond lengths and angles with the experimental values for tautomer 1a and cation 2 are shown in Tables S1 and S2 in the supplementary material, respectively. The calculated values are consistent to the experimental values, except for the N-H bond lengths. This is because the molecules were calculated in the water environment while the experimental values were measured in the solid state. Water molecules have a large impact on the N-H bond lengths through hydrogen bonding. Comparison of the corresponding Wiberg bond orders for tautomers 1a, 1b, 1c, 1d, cation 2 and compound 3 is made in Table 4 . Comparison of corresponding NPA atomic charges for tautomers 1a, 1b, 1c, 1d, cation 2 and compound 3 is made in Table 5 .
For tautomer 1a, the Wiberg bond orders of N1-C1, N2-C1, N4-C2, N5-C2, N3-C1 and N1-C2 are almost equal, and they are higher than single bond and lower than double bond (Table 4 ). This suggests that tautomer 1a has a large extent of delocalization. The total NPA atomic charge distributed on N3H3AH3B is 0.081 (Table 5 ). This suggests that the positive charge brought by the N3 protonation has partially transferred to N1, N2, N4, N5, C2 and C1 through conjugation. The dihedral angle between plane 1 formed by N4-C2-N1-N5 and plane 2 formed by N1-C1-N2-N3 is 51.41°, indicating that N5-C2 and N3-C1 are not coplanar. This is result from the steric hindrance between H3B and H5B. For tautomer 1b, the Wiberg bond orders of N3-C1 is close to that of double bond. The Wiberg bond orders of N1-C2, N1-C1 and N2-C1 are close to that of single bond. Furthermore, the Wiberg bond orders of N4-C2 and N5-C2 are almost equal, and they are higher than single bond and lower than double bond. This suggests that the structure of tautomer 1b can be described as the resonance between the two structures shown in Scheme 4. The total NPA atomic charge distributed on N5H5AH5B (0.118) and N4H4AH4B (0.138) are almost equal, because the positive charge brought by the N5 protonation has partially transferred to N4 through resonance. The dihedral angle (19.30°) between plane 1, N4-C2-N1-N5 and plane 2, N1-C1-N2-N3 is smaller than the corresponding dihedral angle in tautomer 1a. This is because only H3A is connected with N3, and thereby the intramolecular hydrogen bond N5-H5B···N3 was formed to eliminate the steric hindrance.
For tautomer 1c, the Wiberg bond order of N5-C2 is close to that of double bond. The Wiberg bond orders of N1-C2, N4-C2 and N1-C1 are close to that of single bond. Furthermore, the Wiberg bond orders of N3-C1 and N2-C1 are almost equal, and they are higher than single bond and lower than double bond. This suggests that tautomer 1c can be described as the resonance between the two structures in Scheme 5. The total NPA atomic charge distributed on N3H3AH3B is 0.176, which indicate that the positive charge brought by the N3 protonation has partially transferred to N2 through resonance. The dihedral angle (11.06°) of plane 1, N4-C2-N1-N5 and plane 2, N1-C1-N2-N3 is also smaller than the corresponding dihedral angle of tautomer 1a. This is due to the formation of intramolecular hydrogen bond N3-H3B···N5.
For tautomer 1d, the Wiberg bond order of N4-C2 is close to that of double bond. The Wiberg bond orders of N5-C2, N1-C2 and N1-C1 are close to that of single bond. Furthermore, the Wiberg bond orders of N3-C1 and N2-C1 are almost equal, and they are higher than single bond and lower than double bond. This suggests that tautomer 1d can be described as the resonance between the two structures shown in Scheme 6. The total NPA atomic charge distributed on N3H3AH3B is 0.193, indicating that the positive charge brought by the N3 protonation has partially transferred to N2 through resonance. The dihedral angle (46.14°) of plane 1, N4-C2-N1-N5 and plane 2, N1-C1-N2-N3 is similar to the corresponding dihedral angle of tautomer 1a. This is also attributed to the steric hindrance between H3B and H5B. For compound 1, the delocalization extent of tautomer 1a is the largest, indicating that it is the most stable structure in aqueous environment.
For cation 2, the Wiberg bond orders of N1-C2 and N1-C1 are close to that of single bonds. Furthermore, the Wiberg bond orders of N4-C2, N5-C2, N2-C1 and N3-C1 are almost equal, and they are higher than single bond and lower than double bond. This suggests that cation 2 can be described as the resonance between the two structures shown in Scheme 7. The total NPA atomic charge distributed on N5H5AH5B (0.194), N4H4AH4B (0.219) and N3H3AH3B (0.248) are almost equal, because the positive charge brought by the N3 and N5 protonation has partially transferred to N2and N4 through resonance, respectively. The dihedral angle (56.36°) of plane 1, N4-C2-N1-N5 and plane 2, N1-C1-N2-N3 is larger than the corresponding dihedral angle in tautomer 1a. The steric hindrance between H3B and H5B is larger because there is more positive charge on N3 and N5, which increases the repulsive force between H3B and H5B. For compound 3, the Wiberg bond order of N5-C2 and N3-C1 are close to that of double bond. The Wiberg bond orders of N4-C2, N1-C2, N2-C1 and N1-C1 are close to that of single bond. This suggests that the delocalization extent of compound 3 is very small. The dihedral angle (9.76°) between plane 1, N4-C2-N1-N5 and plane 2, N1-C1-N2-N3 is similar to the corresponding dihedral angle of tautomer 1c. This is also ascribed to the intramolecular hydrogen bond N3-H3B···N5, which eliminates the steric hindrance.
The calculated molecular total energies of tautomers 1a (−433.423 a.u.), 1b (−433.410 a.u.), 1c (−433.407 a.u.) and 1d (−433.403 a.u.) suggest that the total molecular energy of tautomer 1a is the lowest. This is consistent to the previous conclusion that tautomer 1a is the most stable structure in aqueous solution.
Since there exist dimers in the crystal structure of compound 1, we speculate that the dimers are also exists in aqueous solution. As a result, the tautomerism between 1a and 1d can proceed through the proton transfer along the hydrogen bond to each other, as shown in Scheme 8. In addition, as tautomer 1b and 1c could form intramolecular hydrogen bond N5-H5B···N3 and N3-H3B···N5, the tautomer between 1b and 1c is most likely to proceed through the proton transfer between N3 and N5 along the hydrogen bond.
Conclusion
The single crystal of mono-protonated metformin acetate was obtained and characterized by elemental analysis, IR spectroscopy and X-ray crystallography. One of the imino groups in the metformin cation was protonated along with the proton transfer from the secondary amino group to the other imino group. Its crystal structure was then compared with the previously reported diprotonated metformin oxalate. The difference between them is that the mono-protonated metformin cations can be linked by hydrogen bonding to form dimers while the diprotonated metformin cations cannot. Both of them are stabilized by intermolecular hydrogen bonds to assemble a 3-D supermolecular structure. Theoretical calculations based on the optimized geometries of tautomers 1a, 1b, 1c, 1d, cation 2 and compound 3 indicate that the positive charge brought by protonation can partially transfer to the adjacent N atoms along with the resonance and conjugation. Tautomer 1a has the largest extent of electron delocalization, the most even electrostatic potentials on N atoms and the lowest molecular energies in aqueous environment, which suggests that the mono-protonated metformin cation most likely exist as tautomer 1a in human cells. In addition, the tautomerism between 1a and 1d can proceed through the proton transfer along the hydrogen bond to each other, and the tautomerism between 1b and 1c is most likely to proceed through the proton transfer between N3 and N5 along the hydrogen bond.
